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ABSTRACT 

As technology greatly advances » machinery are 
getting so sophisticated and expensive that the 
need for fault detecting inspection system, 
through which maintenance critical decision can 
be made, keeps on rising - 

This paper describes a framework of an in* 
teractive advising system for machinery condi- 
tion monitoring. Such expert system has been 
designed with a modified strategy to be a viable 
alternative to regular periodic inspection. This 
strategy has been structured to provide alarms 
of any departure from normal machinery condi- 
tions determined from measurements collected in 
operating modes. Such modes include passive 
loading and on-load for new machinery of both 
short and long life aa well as for reconditioned 
return - to - action machinery. Moreover, the 
monitoring strategy is equipped with 
knowledge and rules which are mainly based on 
Canadian Government specification CAD/MS/ifVSH 
107, 

With this strategy, detection of developing 
faults that would otherwise have gone undetected 
until perhaps a breakdown occurred should be 
more possible. Purtheimore , a scheduler has 
been embedded in to keep track of user-specified 
monitoring frequency and to give a warning of 
any drop-out on vibration measurements record- 
ings or of any inspection- due -machine left out 
of the monitoring process. The system is laid 
out with the aim of building up machinery condi- 
tion history to help management evaluate 
machinery performance. 

This expert system which can be applied al- 
most to any rotating machinery provided its 
mechanical structure is known, should provide 
valuable information regarding the 

mechanical health of machinery and can result in 
considerable sains in machine up-time as well as 
substantial savings in spare parts and in repair 
time costs . 

KEYXJORDS; Vibration condition monitoring, 
Ejtpert system, and Predictive maintenance. 



1 . lilTRODUCTION 

The right choice of monitoring, ensures optixrtum 
maintainability programme CD. The type of 
monitoring adopted here is condition monitoring. 
This approach applies to a broad system of 
specific measurement of significant parameters 
of a machine in operation whereby its condition 
can bo a^aoased- Its particular significance is 
that any deterioration of machine condition can 
bo detected at a early stage without having the 
machine taken out of service or stripped down 



for inspection. Thus, impeiviing failure can be 
diagnosed and located at the onset when remedial 
action is relatively inexpensive ajid shut down 
tiine for this work can be planned in advance. 

Significant monitoring parameters relative to 
all types of machines can be temperature, posi- 
tion, process variables, sound and vibration. 
Vibration monitoring, adopted in this research 
work, is the most significant parameter 
iZ-kl, on the basis that characteristic vibra- 
tions are associated with particular phenomena 
in rotating . machines and any change in the 
vibration signature signifies a change in condi- 
tion . 

The subject of machinery condition monitoring 
has attracted few scientists (5-iS). Neale (15), 
for instance. has cited the benefits of 
condition monitoring, while Philip et al . (16) 
has described a concept of a continuous monitor- 
ing system. Recently, however, a new approach to 
condition monitoring has been devised by Got- 
tlieb (17)- Such approach was based on a 
new theory of calculating the actual efficiency 
of the machine. Walter et al . (18), on the other 
hand, demonstrated that an understanding of 
pumps vibration modes is required for effective 
monitoring of their operational health- 

Experience Suggests that the probability of a 
correct and speedy detection greatly increases 
when a record of past vibrational behavior is 
built up in a systematic manner- However. with 
the steady increase in complexity of equipment 
in factories where stringency of operating con- 
ditions and where important expensive machines 
are not duplicated or where unscheduled produc- 
tion stops can result in large losses* it be- 
comes obligatory, however, harder to detect 
departure from normal operation of equipment. 
To solve this dilemma more emphasis is placed on 
artificial inte 1 1 igence ♦ 

Artificial Intelligence techniques are play- 
ing an increasingly prominent role in designing 
computer-based tools such a expert systems. Ex- 
pert systems is a clasa of programs that has 
been successfully devised to bring large 
quantities of information to bear encountered 
problems whether of medical, electrical or 
mechanical nature. These systems are considered 
"intelligent** as they simulate the reasoning of 
human experts by using knowledge to infer 
what is unknown based upon what is known. 

Lately, scientists implemented artificial in 
industry. For instance, Jeffexy (19) designed an 
artificial intelligence program to advise en- 
gineers regarding failures of fractxxred metallic 
parts, while weld faults were identified by an 
expert system using radiographic technique (20). 
Also, Haran ot al . (2X) used eirtlfiaial intol- 
1 igence- to inspect railaroad wheels using 
-.coustic signature . 
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Alternatively. Smiley i22) discussed im- 
plementing expert system for monitoring for the 
factory ot the future. In specific, however, 
Peter et al. (23) found out that expert system 
technology can be effectively applied to reel 
world of maintenance problems. Furthermore, Hill 
et al. C2(fc) has pointed out the considerable ad- 
V2intage= that can arise from incorporating an 
ekpert system within the framework of condition 
monitoring systems. Unfortunately, making use of 
computer-bAsed tools to help in the narrow 
domain of maintenance, particularly, in 
machinery vibration monitorins. up to our* 
knowlediio , has not yet attracted many nciftn- 
tista . 

This paper describes an expert system which 
has been developed at the American University in 
Cairo (AUC-CEP) to perform off-line vibration 
condition monitoring of rotating mAchinery. Such 
expert system is ©quipped witJi a modified 
monitoring procedures and strategy, to arrest 
problems before they cause acute failure along 
the different stages of machinery operation 
life cycle. 



2 . MONI aX)R3:NG STRATEGY 

Vibration Condition monitoring is applied here 
on the basis of manual periodic logging of 
measurements at. pre -determined time intervals 
into database. The appropriate frequency will 
vaxv from location to location, depending on the 
vibrational history of the machines . In the 
measurements process, machinery overall vibra- 
tion readings are collected consistently at 
or as near as possible to the chec)« points in 
operating modes. Such modes include passive 
loading and on- load for new as well as for 
reconditioned re turned -to -act ion machinery. Upon 
exceeding a preset threshold vibration located 
in the rule /knowledge base, the out of limit 
readings are displayed to the operators with a 
blinking alarm- This is to ensure that overall 
vibration levels are kept within prescribed 
limits and any detected significant departure 
from noxmal behavior is analyzed. 

In the analysis, machinery spectra are re- 
corded consistently under similar conditions 
using the same check-points locations in three 
directions, namely, horizontal, vertical and 
axial. Such spectra are then split the into com- 
ponents in terms of peaks amplitude with their 
corresponding' speed frequencies. These com- 
ponents are examined against the mean value and 
variance calculated per one direction at a time 
in each operating mode. The probability of 
locating a fault greatly increases when a direc- 
tion holds the highest meaui value and variance 
along with the highest vibration amplitude at a 
certain check-point . in either operating mode. 
This analysis assists primarily in detacting 
developing faults that would otherwise have gone 
undetected until perhaps a breakdown occurred. 
Maximum use of the information content in the 
vibrational signal can therefore be made for 
diagnostic purposes, which is beyond the scope 
of this paper, where knowledge of this nature 
can provide conclusive evidence of a specific 
fault . 

The detailed strategy may vary in implemen- 
tation from a location to location, but, when 
laying out monitoring strategy distinction 
should be made between new and reconditioned 
returned -to- action machinery in any operating 
mode. Such distinction should. provide a suffi- 
cient data fox- efficionx xecojrd Jcoopliaa of 
machinery history. 

In the case of on- load measurements, scheme 
includes two types of data* The first is the 



response of the machine over the complete speed 
range and the second is the response to loading 
which is necessary to identify any load- 
dependent variations. The passive loading 
measurements, on the other hand, are concerned 
with machinery running either by itself with no 
Load connected on line or after load has been 
released. The purpose of on-load or passive 
loading measurements is to enable the actual in 
service behavior of machinery to be assessed, 
and to ensure that it is included in its t^J-^tory 
recording for later analysis. A recommended 
strategy is to record all passive loadings, when 
possible provided that the number of operation 

hours on the machine is recorded since the last 

monitoring. , *.,^^„- 

Upon return -to -action, machinery » previous 
history prior to the overhauls, is no longer a 
reliable baseline against which changes can be 
assessed. Therefore, it is essential to obtain 
sets of repeatable data evaluating and defining 
the machine performance. However, the nature or 
the measurements may vary from one location to 
another, depending on the type of machines as 
well as, the nature and frequency of the vibra- 
tional problems associated with them. 

Once a deviation of the normal performance 
has been detected, the operator may have to 
respond Imnediately if commercial vibration 
limits are exceeded by either reducing load, 
running the machine down or other means , to en 
sure machine safety- This has to be followed up 
by initiating a detailed investigation of the 
encountered phenomenon. Such investigation can 
lead to a form of correction including changing 
operational procedures, maintenance procedures & 
actions and/or design modif ication- 



3. STRUCTURE OF THE PROGR3U4 

The structure of this advising system is based 
on three components, namely. 1) database. 2) 
knowledge/rule base and 3) inference engine . 
These components. as shown in figure l, are 
linked together to produce a system that advises 
and informs about encountered problems^ in a man- 
ner similar to that of one or more 
perts . 



human ex- 



3.1 Data Acquisition Subsystem 

The data acquisition subsystem incorporated here 
is in fact the system database which is 
designed to accept, manage and manipulate condi- 
tioned and processed data from the keyboard. It 
consists of five modules, namely, system 
management database, machine database, route 
database. recording database and security 
database as shown in figure 2. The system 
database is accessed directly by the system 
management database which ia termed Master 
database . 

3.1,1 Master database 

Master database is a register provided to serve 
several purposes. These purposes include 1) in 
terface with operator through the keyboard. 2) 
control system hardware configuration, 3) dii-oct 
access to database and expert system » U ) over 
all system control of fil« handling through 
password and identification number and thus 5 J 
protect data input against accidents, 
operational errors and tamperings at any time. 

Upon starting creating the system database 
through the initialization process, master 
database uses five key words with their ad- 
dsresaea. Theflf= key words are machine code, bear- 
ing code, route code, permanent code and 
temporary code. The system database is so 
created that it is composed of current, backup 



241 



iAR 12 2003 2:29 PM FR 



TO 170330^2763 



P . 05 



and log database files as shown in figure 1. The 
current database , through vhich data entry or 
updating is made, is acting as a user interface 
with the system; while the bacJcup dat<abase is 
made to be a substitute to the current database 
through security keeping procedure ser by 
the user. Upon completing the backing up 
process, the log database records the respective 
date, the changes in the data in terms of 
machine specification, bearing specification, 
route specification and the user's password with 
identification code number . 

The system database has been built in a way 
to protect the data recorded against intended or 
unintended interruption such as sudden power 
breakdown, operational errors or tampering to 
the system. It allows only one sxib^ database to 
he invalid, keeping either the current database 
file or the log database file. In case of a sud- 
den power failure during data updating or 
while transferring data from the current 
database to the backup database, the current 
database becomes invalid- To reconstructs the 
log database should be merged with the backup 
database. Alternatively, if such failure oc 
curred upon completing the backing: "Up and while 
initiating the - process of updating the log 
database file. the latter becomes invalid. 
Therefore, it has to be recreated. 

3,1-2 Machine Module 

In machine database, the machine was broken down 
into components suspended through bearings 
termed "checking points'* . This database is 
divided into two domains, namely, machine and 
points. Jn the machine domain, nxachine 
specification, name, code, location and n\imber 
of points are provided by the user. Upon enter- 
ing such information, the user is transferred to 
the points domain. Xn such domain, point 
specifications in terms of point type, left and 
right components, rotational frecruency, direc- 
tion of measurement and limit reading are 
provided by the user with the objective of using 
such information for later measurements collec- 
tion on a preset route . 

3.1.3 Route Module 

Rout© database is a register designed to follow 
the machines' vibration monitoring fr&<iuency. 
Such route load a collection of machines in a 
certain order to record new vibration measure- 
ments at their respective order and points and 
according to the frequency set by the user with 
the objective of keeping track of the machine 
monitoring f regency. This database is capable 
of warning the user of any drop out in data 
entry of certain machine or of any machine left 
out of the monitoring process . 

3.1.4 Recording Module 

Recording database is designed to keep track of 
the history of machines performance. In such 
database measurements are allowed to be recorded 
in two separate records, permanent and tem- 
porary. In permanent records, the program 
is designed to record only the acceptable 
machines vibration condition. Such machines are 
scheduled for monitoring on regular route with 
certain fre^ency for later analysis. In such 
analysis, the program give out warning on the 
screen if the measurement reading of certain 
machine is either above the allowable vibration 
level or if inspection time is overdue. 

Temporary records are for monitoring -due 
mA<shinea . In tho monitoring only one set of 
readings is allowed to be taken for each point 
according to the specific monitoring fretjuoncy 
set by the user through the regular route 
database. Upon scanning of the readings of cer- 



tain machine if the program detect an out of 
vibration limit reading, a warning is issued and 
the machine database gets loaded into a tem- 
porary route for more frequent measuremencs . in 
other words, if a machine is set to be monitored 
monthly in the permanent records and its ^ibra- 
tion level reached its upper threshold lunlt, 
such machine will bo transferred upon the con- 
sent of the operator to another temporary 
records for more frequent vibration measurement 
i.e. weekly instead of monthly. Once that 
machine has been stabilized, only the last read- 
ing will be recorded in the permanent records 
according to the machine monitoring fx-oquency 

established in the perrnanent route. 
3.1.5 Security Module 

Security database is designed to track down 
tamperings through recording the entered 
password, identification code and any changes 
might have been made. In addition. this proce- 
dure allows the permitted user to retrieve 
original old valid data and thus it was made to 
protect the original data recorded in the sys- 
tem , 

3.2 Expert system 

The primary function of the expert system part 
is to convert monitored data into meaningful in- 
formation. There are a number of reasons why ex- 
pert systems are a very effective part of modern 
condition monitoring systems. Such reasons 
include: l) Detection repeatability, 2) incor- 
porating the knowledge of more than one expert, 
3) the availability of the expert system at any 
tiine, 4) the availability of the expert system 
at different locations at the same time, and 5) 
the ease of updating or adding knowledge to the 
knowledge base due t:o the fact that the 
knowledge base ia not part of the inference 
engine. The expert system is mainly composed of 
two parts, namely, rule /knowledge base and in- 
ference engine - 

3.2,1 Rule/Knowledge Base 

The performance of an expert system is criti- 
cally dependent upon the Icnowledge that is em- 
bedded within it. Rules and knowledge must be 
established to cover the anticipated behavior of 
a machine in a given set of circumstances. The 
major sources of input to the knowledge base can 
be on the form of 1) operational experience, 2) 
maintenance or operation manuals, , 3) fault his- 
tory with measurement records ^ 4 ) manufacturer 
recommendations and 5) cause and effect 
relationships , 

The information encapsulated here in the 
knowledge base is classified under on -load and 
passive loading limits. As to on-load limits, 
mean and variance method is adopted for both 
filtered and unfilt©r«d measurements. In such a 
method, analysis is done first per direction and 
then per check point. 

The passive loading limits are in terms of 
the overall velocity EMS for different type of 
machines and at different life. The machines are 
classified vender two categories 1) new and worn 
ones* The new machines class can be classified 
to short life (100-1000 hrs) and long life ones 
(1000-10000 hrs). Both are controlled by given 
values of the acceptable limits of "bearing 
vibration. 

The worn machines class, however, is class- 
ified into machines calling for recondition and 
reconditioned machines. Both should be monitored 
full speed and power. In th© former typo of 
machines , service ia call^a for: upon reflk«=Viins 
certain vibration limit, while in the latter, 
call for repair upon exceeding spe'-it * ' • . 
tion limit. 
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The informarion relatad to passive loading 
limits is an extract from the Canadian GovBrn- 
m«nt specification GAD/MS/NVSH 107 for bearing 
fticasurcmtints in the range of 10 to 10000 Hz, 
It gives values of acceptable limits of bwAring 
vibration for 2i number of different machine 
typc3. Such machines are gas and steam turbines, 
comprcssox-s , diesel generators, centrifuges oil 
separators, gear boxes ^ boilers, motor generator 
sots, pumps, fans, electric motor* and 
transformers. The knowledge bose can always be 
updated. The ease with which the knowledge base 
can be altered plays a vital part in this 
refinement process and also in the reasoning 
process . 

3.2.2 Inference Engine 

The inference engino provides the e3cpert system 
with the ability to arrive at a decision through 
the reasoning method. The reasoning method 
adopted here in this paper is the Goal Tree-* 
Success Tree (C5TST) method. In such a method, 
the end points o^ the goal . tree use operating 
knowledge in the form of "if-then rules" instead 
of success . Details about this method can be 
found in reference (15). 

• The inference engine is basically a program 
that uses the knowledge base to operate upon the 
measurements collected in the database through 
certain chain strategies. The two roost common 
strategies known to perform the inference 
process are termed forwards and backwards chain- 
ing. In the former, the inference process starts 
from a new piece of data and searches through 
the rules to find which ones are satisfied, and 
hence identify if there are any abnormal be- 
havior present. The latter strategy, however, 
starts from a particular deviation and then 
works backwards through the rules to the point 
where the implied conditions satisfy the infor- 
mation available in the database. If all condi- 
tions are satisfied then the fault is judged to 
exist* In this paper, the forward chaining 
strategy was adopted. 



4- DESIGN CONSIDERATIONS 

The program has been designed for use by two 
types "of users in addition to the regional in- 
formation center within the maintenance or- 
ganization. Such users can be station operators 
whose prijme responsibility is feeding data to 
the system although they may not be able to un- 
der stand its cause , and machinery maintenance 
specialist who should be capable of initial 
detection of a problem as well as of driving 
mora detailed infozmation towards identifying 
causes of alarms and hence put down the neces- 
sary maintenance procedures, Thi3 two-level 
system is typical of many maintenance department 
structure* The system database has been provided 
with an on-line help and an error explanation 
to help users learn about the monitoring system 
and does the work efficiently. It is worth 
noting here that in the program C and 
Prolog languages have been. 



5. CONCLUSION 

kn interactive expert system with a built-in 
data acquisition system has been designed ac 
cording to a modified maintenance monitoring 
Strategy. Such system was data validated, tested 

and can bo ufted on a no-twork type of system for- 

two level of users, namely maintenance planner 
and specialist, upon passing through a security 
code . 

The system aims at detecting any departxire 



from normal performance of machinery and iden- 
tify the direction and the check point of exces- 
sive vibration level close to which the most 
probable fault should be located- The program is 
capable of warning the user of any drop out in 
data entry of certain machine or of any machine 
left out of the monitoring process. In addition, 
the program gives out warning on the screen if 
the measurement reading of certain machine is 
either above the allowable vibration level or 
if inspection time is overdue . Furthermore , 
upon detecting a machine exceeding the vibra- 
tion limit, a warning is issued and such machine 
database gets loaded into a temporary route and 
more f re<iu6nt measurements are demanded . 

To track down tamper ings , the program records 
the entered password. identification code and 
also any changes might have been made every time 
it has been accessed. This procedure allows the 
permitted user to retrieve original old valid 
data and thus it was made to protect the 
original data recorded in the system. 
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